Water often plays a major role in the degradation processes of cement-based materials and structures, and thus the durability of these structures strongly depends on their ability to impede transport of water. This paper reports the results of imaging three-dimensional (3D) unsaturated moisture flow in mortar specimens using electrical capacitance tomography (ECT) imaging, which is based on non-intrusive and contact-free capacitance surface measurements. In a series of experiments, three mortar specimens with differing moisture transport properties were imaged with ECT during a 3D ingress of water. For comparison, we also modeled the flow of moisture numerically, by Finite Element Method (FEM) approximation of the 3D equation of unsaturated moisture flow in porous media, commonly referred to as Richard's equation. The ECT reconstructions are in good agreement with the flow model for all specimens which supports the ability of ECT to image 3D water transport in cement-based materials. .fi (A. Voss). of water, and aggressive agents transported by it are the major factors that speed up the deterioration processes of concrete structures and decrease the durability. Examples of such degrading processes are reinforcing steel corrosion, freeze-thaw deterioration and sulfate attack. [1, 2] Hence, information on the internal moisture distribution and water uptake rate of the cement-based material would be valuable when assessing and predicting its durability. Since the
H I G H L I G H T S
• Electrical capacitance tomography (ECT) can track the 3D unsaturated moisture flow in mortar. • ECT clearly distinguishes the differences in the moisture flows in mortars having three different water/cement ratios. • The ECT reconstructions are in good correspondence with moisture distributions modeled with Richard's equation. • The response of ECT to the absorbed water volume is very similar regardless of the material. • ECT holds potential to become a tool for characterizing moisture transport properties of cement-based materials.
G R A P H I C A L A B S T R A C T A R T I C L E I N F O

Introduction
The majority of the chemical and physical deterioration processes in concrete structures, depends on the presence of water. Ingress majority of cement-based materials used in service are either in unsaturated or partly saturated state [3, 4] , the focus of this paper is to develop a noninvasive method to assess the rate of unsaturated water transport where the dominating mechanism for water ingress is capillary absorption.
A standard method to investigate water entrance by capillary absorption in cement-based materials is gravimetric method (ASTM C1585) where the specimen is weighted at multiple time intervals to determine the total water uptake during the ingress of water. This procedure, however, does not give any information on the spatial moisture distribution. Understanding of spatial distribution of water within the materials is important since many of the degradation mechanisms, such as freeze-thaw, depend on a critical degree of saturation to initiate degradation. To resolve the moisture distribution, a simple technique is, for example, to slice the specimen at sequence of times and determine the moisture content of each slice by oven drying [4, 5] . This approach, however, is destructive and inaccurate to estimate the spatial moisture distribution, mainly because slicing concrete requires the use of water to reduce heat generation. More accurate techniques to monitor the water movement and moisture distribution inside cement-based materials are tomographic imaging methods such as nuclear magnetic resonance (NMR) imaging [6] [7] [8] [9] , neutron imaging [10] [11] [12] [13] , and X-ray imaging [14] [15] [16] [17] . Recently, an electrical imaging modality referred to as electrical resistance tomography (ERT) has also been applied for imaging moisture distributions in cement-based materials [18] [19] [20] [21] [22] [23] and other porous building materials [24] .
These tomographic methods can accurately visualize and estimate the spatial moisture distribution, but they have disadvantages; for example, NMR, neutron and X-ray imaging are rather expensive to use and/or are limited to small specimens and laboratory environment only. While ERT may not suffer from the above limitations [19, 20] , it is suitable only for imaging surface wet (electrically conductive) specimens or specimens that have high water content. To overcome the problem with imaging electrically resistive (surface dry) specimens, another electrical imaging technique, Electrical Capacitance Tomography (ECT), has recently been developed for imaging cement-based materials [25, 26] . ECT measures contact-free inter-electrode capacitances from the specimen's surface to reconstruct the target's internal electrical permittivity distribution that is directly related to the moisture distribution.
While our previous studies demonstrated the capability of ECT to detect moisture content changes [25] , and to qualitatively image the 2D moisture ingress [26] in cement-based materials, ECT has not yet been applied to imaging three-dimensionally distributed properties of cement-based materials. Previously, 3D ECT imaging [27] [28] [29] has been mainly utilized in imaging multi-phase flows in industrial process tomography [30] [31] [32] [33] . 3D ECT imaging requires a new experimental setup compared to 2D, and in addition the computational methods/procedures have to be extended to 3D. In the present study, we investigate whether ECT could be used for imaging 3D unsaturated moisture movement within cement-based materials and distinguishing between moisture transport properties of different materials. Unsaturated 3D moisture flows are induced in three mortar specimens with different water to cement ratio (w/c), and ECT measurements are collected during the moisture ingress. The reconstructed electrical permittivity distributions at different times of the moisture flow are compared with numerically modeled evolutions of the moisture content in each material. For this purpose, the water transport properties of all three materials are first determined by a separate sorption experiment. The numerical simulations of the moisture flow are based on finite element method (FEM) approximations of the 3D Richard's equation [4, 34] . The comparison is made only based on finite element approximation of the flow model because of the lack of available tools for 3D imaging of moisture flow in conditions (large size and low initial moisture content of the specimens) considered in this study.
Materials & methods
Electrical capacitance tomography
In ECT, a set of electrodes is placed around the target's surface as illustrated in Fig. 1 (alternatively, electrodes could also be in direct contact with the surface but in this work, contact-free imaging is performed). The most common measurement procedure is to excite one electrode at a time to some fixed potential, while the other electrodes are grounded and measure electrical capacitances between the excited electrode and grounded electrodes. This is also the measurement pattern utilized in this study.
The mathematical model, i.e. the forward model, we use to describe the ECT measurements is the complete electrode model of Electrical Impedance Tomography (EIT) (presented e.g. in [35, 36] ) with the assumption that electrical conductivity of the target is neglected (s = 0):
where e(x) is the electrical permittivity, u(x) is the electric potential distribution, f is a coefficient related to contact impedance causing small potential drop on the electrode surfaces,n is the outward unit normal vector of the electrode surface or the target boundary, U is the applied potential (excitation or zero) on th electrode, q is the electric charge on th electrode, N el is the number of electrodes and e denotes the th electrode. Parameters f in Eq. (2) are fixed to be a small number (10 −9 ) because based on our experience in voltage excitation measurement technique, the drop in potential due to contact impedances is very small, and the solutions of the boundary value problem (1)-(4) are not very sensitive to choice of this parameter. In addition to Eqs. (1)-(4), it is also required that electric charge conserves, i.e., N el =1 q = 0. The forward problem of ECT is to solve the electric potential distribution and the electric charges when the permittivity distribution and the electrode excitation potentials are known. The electric charges can be converted to capacitances (measurable quantity in ECT) since the excitation potentials are known. The solution of the forward model (1)-(4) is approximated using FEM. Further, assuming additive measurement noise, the finite dimensional approximation of the ECT observation model can be written as
where C is a column vector comprising the measured capacitances, v is the measurement noise, and F(e) is FE approximation of the model (1)-(4), i.e., a concatenated mapping between spatially discretized permittivity e and the electrode capacitances.
Reconstructing the electrical permittivity distribution e given the inter-electrode capacitances C is an ill-posed inverse problem. This practically means that in the presence of noise and modeling errors, classical solutions (such as the least squares (LS) fitting) are non-unique and unstable. Hence, the solutions require incorporating some prior information on the target permittivity distribution (in Bayesian framework) or regularization (in deterministic framework) [37, 38] .
The reconstruction method used in the present work is a 3D adaptation of the method described in the previous studies [26, 39] . That is, a prior model promoting spatial smoothness of the permittivity is incorporated in the reconstruction. Moreover, the so-called sequentially linearized (SL) difference imaging is utilized. In SL difference imaging, the changes in permittivity between times of consecutive ECT measurements are estimated based on differences in the capacitance data between those instants; the total change of permittivity distribution from the initial state (at time before water absorption) is calculated as a cumulative sum of the permittivity change sequence. In addition, the permittivity change between any instants of time is constrained to be non-negative since ingress of water within initially dry porous material is expected to only increase the permittivity through time. Below, the SL difference imaging is described briefly. For details and further discussion on the suitability of the SL approach to a case of imaging moisture flow in porous material we refer to [39] . For an overview on the variety of reconstruction methods used in ECT, we refer to papers [40] [41] [42] [43] .
Consider two ECT measurement realizations C i−1 and C i at consecutive time instants t i−1 and t i corresponding to permittivities e i−1 and e i , respectively. The observation model (5) is linearized using first order Taylor approximation at e 0 , i.e., C k ≈ F(e 0 ) + J(e 0 )(e k −e 0 ) + v k , where J(e 0 ) = ∂F(e 0 ) ∂e is the first derivative of the forward mapping, or the Jacobian matrix, which is evaluated at the linearization point. Subtracting the linearized models, a linear observation model for the
where De = e i − e i−1 is the permittivity change and Dv is the difference in the noise terms. Here, J is the Jacobian matrix evaluated at the linearization point e 0 = e i−1 . An estimate for the change of permittivity is calculated as a LS problem based on the linear observation model (6) added with a smoothness promoting prior functional and the non-negativity constraint. This leads to a minimization problem where L Dv is the weighting matrix defined as L T Dv L Dv = C −1 Dv , where C Dv , the covariance of the measurement noise term Dv. Assuming the noise terms v k as mutually independent and equally distributed Gaussian random variables the covariance matrix of Dv gets the form
The smoothness promoting regularization matrix L De is defined as a Cholesky factor of a squared exponential covariance matrix, C De , constructed as in [25, 44] and it is of
variance of the unknown De at point x k , and coefficients l k are the correlation lengths in the directions of the coordinate axes. In this work, parameters a and l k are chosen to be 0.25 and 8 cm, respectively. Moreover, y(De) is the non-negativity constraint that is a quadratic penalty function of De and it adds penalty to the functional if the permittivity change is negative. The minimization problem is non-linear due to the non-negativity constraint and the optimal permittivity change distribution is estimated iteratively using gradient based Gauss-Newton method. In this work, the reconstructed permittivity is represented in a FE mesh consisting of 2690 nodes and 12,715 elements having an average voxel size about 0.13 cm 3 . This, however, is not the spatial resolution of ECT since it is dependent on different factors such as electrode sizes, the number of electrodes and the available prior information. For discussion on the resolution of ECT, we refer to papers [45] [46] [47] [48] .
The capacitance data consist of continuous measurement frames at consecutive time instants during the flow of moisture and the change in permittivity between those time instants is computed from the difference data as described above. The first linearization point is chosen to be the initial permittivity distribution (before water absorption is initiated) which is approximated with a spatially constant permittivity and it is obtained by doing a one-parameter LS fit to the " dry state" data. After this the linearization point is updated for each new time interval by adding the permittivity change of the previous time interval to the previous linearization point.
As noted above, the electrical conductivity of the medium was neglected in this paper. However, cement-based materials contain ionic compounds that are dissolved to the water as it migrates through the porous system, thus increasing the conductivity of the material. This increase of conductivity affects the measured capacitances, and can lead to errors in the image reconstruction -particularly, overestimation of the permittivity values. The disturbance that the conductivity increase causes to the ECT measurements can be mitigated by increasing the frequency used in the measurements as this increases the contribution of the permittivity to the capacitance measurement with respect to conductivity. In this work, we used 1.25 MHz frequency. Based on our numerical simulation studies, in this frequency, neglecting the conductivity can lead to overestimation of the electrical permittivity by about 25%. On the other hand, since the conductivity increase takes place in the same location as the increase of permittivity (i.e., in the wetted volume), we do not expect this error to have a significant effect on the geometry of the 3D reconstructions that are used for inferring the moisture distribution in this study. This would also be in agreement with the results of the previous 2D study [26] , where the ECT reconstructions were in good correspondence with the visually observed moisture ingress. Fig. 2 shows a schematic illustration of the experimental ECT setup and two photographs of the actual setup. The ECT electrode array consisted of 24 electrodes (in 4 rows, 6 electrodes on each row) and the size of each electrode was 5.0 cm × 4.75 cm. The choice of the electrode size and number of electrodes per layer was based on FE-simulations of the ECT model; this design ensured that the interelectrode capacitances were within the measurable range for the ECT device. The electrode array was fabricated on a flexible circuit board and it was mounted on a foam plastic sheet. To improve the sensitivity of the measurements of adjacent electrodes 0.1 cm thick electrically grounded stripes were installed between electrodes and, furthermore, to reduce the interference by external electromagnetic fields the ECT sensor was surrounded (excluding the top surface) by electrically grounded metal screen ( Fig. 2 (b) and (c)).
ECT and 3D water absorption setup
Commercial ECT measurement device, PTL300E (for instructions manual provided by the device manufacturer, see [49] ), was used to measure the inter-electrode capacitances. The device measures electric currents from the grounded electrodes resulting from the voltage excitation, and the currents are proportional to the capacitances. According to the manufacturer, the noise level of the device is approximately 0.07 fF (10 −15 F) and the smallest capacitance between a pair of electrodes the device can measure is around 10 fF. On the other hand, the measurements are also interfered by external (background) noise; the effect of noise was reduced by the metallic screen described above. Based on repetitive measurements of a stationary object, we determined the signal to noise ratio to be about 60 dB.
In PTL300E, measurements are done with a square wave excitation potential with amplitude 15 V and frequency 1.25 MHz. The measurement device has 24 measuring channels, but it consists of two separate 12 electrodes measurement units which do not communicate with each other. The two top electrode layers (12 electrodes) were connected to one unit and the bottom two layers to the other unit. Each unit provided 66 independent capacitance measurements (reciprocal measurements are excluded since capacitance between two electrodes is independent of the direction of the measurement) including measurements across two electrode layers on top of each other. The inter-electrode capacitance data of the two separate units were measured simultaneously. The data sets from two measurement units were combined, resulting in a total of 132 measurements that were used for reconstructing the 3D permittivity distribution at the corresponding instant of time.
To induce a 3D water infiltration, a cylindrical plastic water reservoir (with inner diameter of 2.30 cm) was mounted 3.00 cm off center on top of the specimens (Fig. 2 (b) ). All free surfaces of the specimens were sealed with non-conductive tape (sides and bottom) or covered with transparent silicon (top) to prevent evaporation. In addition to the tape on the sides, a 0.15 cm thick plastic sheet was wrapped around the specimens. The duration of each water ingress experiment was 10 days and ECT measurements were continuously performed during it. In addition, absorbed water volumes were monitored using an automated digital camera and a scale drawn in the water reservoir wall.
Materials
Three cylindrical mortar specimens with different w/c were used in this work. The diameters and heights of all specimens were 10.15 cm and 20.30 cm, respectively. To produce the mortar specimens, Portland cement type I/II in accordance with ASTM C150 was used. Washed natural river sand with a fineness modulus of 2.62, a specific gravity of 2.63, and water absorption of 0.51% was adopted for the fine aggregate. The grading of the fine aggregate was in accordance with ASTM C33 requirements. The volumetric fraction of sand in the mortar mixtures was kept constant at 0.6. The w/c of the mortar mixtures was adopted as 0.36, 0.42, and 0.55 which resulted in different transport properties. To achieve a good workability in the mixture with w/c of 0.36, a polycarboxylate-based superplasticizer was utilized. The mixing water was tap water. The mix proportions of mortar mixtures are presented in Table 1 . The mortar specimens were oven-dried to a constant weight prior to the water ingress experiments.
In order to simulate the unsaturated moisture flow using Richard's equation, we experimentally measured the saturated 
Saturated hydraulic conductivity
The saturated hydraulic conductivity (K s ) of mortar specimens at the age of 5 days was carried out using an in-house developed equipment shown in Fig. 3 . A disk of 25 mm in thickness was used in each measurement. It should be noted that the samples were presaturated before the test initiation. The calculation of the saturated hydraulic conductivity was performed according to the falling head method as described in more detail in [50] . The saturated hydraulic conductivities of the mortar mixtures investigated in this study are shown in Table 2 .
Dynamic water vapor sorption
To attain the moisture retention curve, sorption isotherm of mortar specimens was experimentally measured using an automated sorption analyzer. Small flat disks (40-60 mg) of mortar cured for 5 days were cut and submerged in water in a sealed container for about 24 h before placing in the testing instrument. The measurements were performed at 23 • C. Each test was initiated with desorption process. The pre-saturated sample was first equilibrated at 97.5% relative humidity (RH) for either 96 h or reaching a stable mass (less than 0.001% mass change within 15 min) whichever took place first [51] . Subsequently, the RH was sequentially dropped from 97.5% to 0% RH, in 10% RH increments to 7.5% and then to zero RH. Immediately after achieving zero RH, the sorption process was started by increasing RH from zero to 7.5% and then from 7.5% to 97.5% with 10% increment same as desorption process. Note that the specimen was held at each RH step until either it reached to mass equilibrium (i.e. less than 0.001% mass change within 15 min) or equilibrated for 48 h whichever happened first [52, 53] . The sorption isotherm (h(RH)) for Fig. 3 . Schematic of in-house developed equipment for saturated hydraulic conductivity measurements [50] . 
where X (m) is the pressure head, R (8.314 J K −1 mol −1 ) is the universal gas constant, M w (0.018 kg/mol) is the molecular weight of water, T (K) is the temperature which was kept at 23 • C (295.15 K) during the test and g is the gravitational constant (9.81 m/s 2 ).
Numerical simulation of unsaturated moisture flow
Unsaturated moisture ingress in all of the three materials was modeled numerically by a finite element approximation of Richard's equation [4, 34] ∂h ∂t
where t (h) is time, K = K(X) (mm/h) is the unsaturated hydraulic conductivity, h (mm 3 /mm 3 ) is the volumetric moisture content, x, y and z (mm) are spatial coordinates and X = X(h) (mm) is the pressure head. We note that Eq. (9) models only the fluid transport by capillary suction and gravitational effect, and neglects the gas-phase transport. However, the capillary absorption is the dominant transport mechanism in dry or partly-saturated cement-based materials [4] . Numerical solutions of Richard's equation has been previously used to analyze capillary water absorption in cement-based materials e.g. in [16, 20, 21, 56] and have shown good agreement with x-ray and neutron measurements. To simulate the moisture flow using Eq. (9), unsaturated hydraulic conductivity K(X) and pressure head X(h) functions need to be known. Pressure head which represents "the suction" of the material, is highly dependent on moisture content and equals zero for saturated material. An equation to express the moisture content as a function of the pressure head can be written using Van Genuchten model [57, 58] 
where a and n are fitting parameters and H = (h − h r )/(h s − h r ) is the normalized moisture content (non-dimensional, 0 ≤ H ≤ 1). h s and h r are the saturated and residual moisture content, respectively. In this work, h s is experimentally measured for each material (Section 2.3.2) and h r is set to zero (as e.g. in [16, 59] ). The parameters a and n can be obtained by fitting Eq. (10) to the experimentally measured water retention data (see Section 2.3.2), i.e., moisture content versus pressure head data, and thus giving an expression for the pressure head X(h). The fitted water retention curves for all materials are shown in Fig. 4 . In addition to pressure head, the unsaturated hydraulic conductivity K(X) need to determined. Experimental measurements of unsaturated hydraulic conductivity, however, are challenging and impractical for cement-based materials [16, 59] . Commonly, the unsaturated hydraulic conductivity is expressed as a product of the saturated hydraulic conductivity, K s , and the relative hydraulic conductivity, 0 ≤ K r ≤ 1 (i.e., K = K s K r ). Such an expression, has been shown to well-represent the unsaturated hydraulic conductivity in cement-based materials [59] [60] [61] . The value of K s can be measured experimentally using Darcy's law (as described in Section 2.3.1). The relative hydraulic conductivity can be written in terms of moisture content and pressure head using Mualem's equation [62] K r = H I 
where I is a parameter originally accounting for tortuosity and connectivity of pores [62] . However, the optimal value of I for cementbased materials diverges strongly and can take positive or negative values [59, 61, 63, 64] , indicating that there is no clear consensus on how parameter I should be chosen. In this study, we use I = −0.5 proposed for cement-based materials in [59] . Finally, substituting Eq. (10) to Eq. (11) and integrating, a closed-form solution for K r can be obtained [57, 65] and the expression for the unsaturated hydraulic conductivity K is complete
Moisture flow simulation procedure and simulation parameters
Commercial Finite Element Software HYDRUS 3D [65] was used for the numerical approximation of Eq. (9) . The geometry of the numerical model was exactly the same as the dimensions of the mortar specimens. The FE mesh for the numerical moisture flow simulations consisted of 33,995 nodes and 186,722 elements, having an average voxel size of 0.010 cm 3 . Zero-flux boundary conditions were applied to all surfaces except the surface which was in contact with water, and this part of the material was modeled as fully saturated (h s ). The initial moisture content (h i ) was set to zero, because the specimens were oven-dried to a constant weight before the experiments. Table 2 provides a summary of the experimentally measured parameters (K s , h s , h i ) and material modeling parameters (a, n, I, h r ) for each mortar specimen that were used in the simulations. rate of absorption and the total absorbed water volume show clear differences between the materials: The specimen with the highest w/c (0.55) absorbed 55 ml of water in 10 days while in the specimen with w/c of 0.42 the absorbed water volume was 35 ml. About 15 ml of water was absorbed into the specimen with the lowest w/c (0.36). In addition, Fig. 5 shows that the rate of absorption decreases significantly in all of the specimens during the experiment. The reconstructed ECT images and the moisture flow simulation results are shown in Figs. 6 and 7 , respectively. The ECT-based reconstructions of the relative permittivity change De r (De r = De/e 0 , where e 0 is the permittivity of free space) are presented in Fig. 6 corresponding to 12, 24, 48, 96, 144 , 240 h of moisture ingress. Fig. 7 shows the simulated volumetric moisture content h for each specimen at the respective times. We note that small permittivity changes (less than 1.5) and small moisture contents (less than 0.01) are assigned as transparent in the 3D visualizations in Figs. 6 and 7 . The threshold values for the transparency for the permittivity change (1.5) and moisture content (0.01) are selected so that they correspond to about 5% of the maximum permittivity change/moisture content. We note here that the choice of the threshold values was found to have only a minor effect on the appearance of the results. In Figs. 6 and 7 , the top, middle and bottom rows correspond to the specimens of w/c ratio 0.36, 0.42 and 0.55, respectively.
Results & discussion
The series of ECT reconstructions in Fig. 6 clearly show the ingress of moisture in all of the specimens. In all cases, the volume featuring the electrical permittivity increase initially appears directly under the water reservoir and as time evolves and more water flows in, the volume of increased permittivity spreads, indicating the propagation of moisture inside the specimens. Moreover, the reconstructed 3D permittivity distributions show a clear difference in the moisture ingress rate and the size of the water "plume" between the different specimens. It is worth noting that with this ECT setup and specimen dimensions, small amounts of water (less than 5 ml) are hard to detect as can be seen in the ECT reconstruction of the specimen with w/c of 0.36 at 12 h. According to Fig. 5 , this time corresponds to absorption of 4 ml of water. This causes only a very small change in the capacitance data, and local changes in the reconstructed electrical relative permittivity are less than 1.5. However, there is no problem with absorbed water volumes larger than 5 ml, and then ECT reconstructions illustrate consistently the propagation of water inside all of the specimens.
As expected, the moisture flow simulations in Fig. 7 also show the ingress of water into mortar, and the differences in the moisture ingress rates between the three materials are very clear. A qualitative comparison of Fig. 6 and 7 shows very similar features in ECT reconstructions and simulated moisture contents: For each specimen type and at almost any instant of time, the shapes and sizes of the "water plumes" given by ECT (volumes of increased permittivity, in Fig. 6 ) and Richard's model (volumes of increased moisture content, in Fig. 7 ) are close to each other. We note, however, that the reconstructed electrical permittivity changes provided by ECT can be compared with simulated moisture content distributions only qualitatively -a quantitative comparison would require (an experimentally determined) model between the moisture content and the electrical permittivity for each material.
The qualitative correspondence between the ECT reconstructions and modeled moisture distributions is relatively good. However some differences occur: For example, the modeled moisture evolution shows the presence of water in w/c 0.36 sample already at time 12 h, while ECT does not yet show it (at least when using the 1.5 relative permittivity change threshold value in the visualization). As noted above, this is a result of ECT not being sensitive to very small change in the water content. Moreover, the shapes of the plumes in ECT reconstructions and modeled distributions at corresponding times have slight differences. They are partly caused by the fact that ECT is an imaging modality with relatively low resolution [37] , and partly due to natural spatial variations in the material parameters, which are assumed to be constant in the Richard's model used for the flow simulation. Furthermore, the modeled moisture distributions at times 144 and 240 h overestimate the volume of the water plume in specimens with w/c of 0.42 and 0.55 compared to the ECT reconstructions. This discrepancy at the later stages of the water ingress is discussed below. To further analyze the ECT reconstructions and simulated moisture contents, we integrated the relative permittivity change and moisture content distributions over the specimen volume. The integrated permittivity shows the response of ECT to the amount of absorbed water whereas integrating the moisture content distribution gives directly the (simulated) absorbed water volume which ideally should match with the monitored absorbed water volume V w . The integrated permittivity change and moisture content distributions are plotted as a function of time for the three specimens in Fig. 8 (a)-(b) , respectively. The monitored absorbed water volume V w are also shown in both graphs. Fig. 8 (a) shows a clear correspondence between the volume of the absorbed water and the integrated permittivity: For each material, ECT responds consistently to the absorbed water although as already seen from the permittivity reconstructions, ECT is not highly sensitive to small amounts of water.
The simulated absorbed water volumes are shown in Fig. 8 (b) and their divergence from the experimental results is notable at the later stages of the water ingress, particularly in the materials with w/c of 0.42 and 0.55. The differences are due to the fact that Richard's unsaturated flow equation neglects the gas-phase and assumes that it does not play any role in the liquid flow process. The Richard's model is valid for gas-liquid two-phase flows only if the gas-phase pressure is approximately constant and equal to the external pressure [4, 66] . However, this condition is not fulfilled at later stages of the experiments in this study since the specimens were sealed to avoid evaporation, and hence the air that the water displaces in the pores remains in the porous material. Thus the flow simulations show almost constant absorption rate through the experiments while the rate should decrease over time as shown by the monitored absorbed water volumes and the integrated ECT permittivity curves.
Based on Fig. 8 it thus seems that at later stages of the moisture flow, the simulated moisture distributions are inaccurate whereas ECT shows the moisture propagation within the specimens more truthfully. In general, ECT responds very similarly to the absorbed water volume (V w ) regardless of the material. This is confirmed by Fig. 9 where the integrated permittivity is represented as a function of V w for specimens with different w/c. The graphs corresponding to different materials in Fig. 9 are close to each other, indicating that the response of ECT to water volume is consistent. This suggests that in addition to imaging moisture flows, ECT might even provide tool for quantifying the absorbed water volume in cement-based materials. Obviously, this extension would require an experimental model between the electrical permittivity and the moisture content.
Acknowledging all these error sources/interpretation difficulties, it is justifiable to state based on Figs. 6-9, that ECT provides a fairly reliable tool for monitoring the penetration of water through the samples. Most importantly, the differences in the water ingress rates between materials of different w/c are equally observable in the sequences of ECT reconstructions and simulated evolutions of the moisture content. The results in Figs. 6-9 strongly support the feasibility of ECT to characterize the moisture transport properties of cement-based materials.
Conclusions
To summarize, we investigated whether electrical capacitance tomography (ECT) could be used for imaging 3D moisture flows in cement-based materials. We conducted experiments where ECT was sequentially applied to mortar specimens during unsaturated ingress of moisture within them. The reconstructed electrical permittivity distributions obtained by ECT at different times of the water ingress showed the moisture propagation inside the specimens. The ECT images were compared with numerical simulations of unsaturated moisture flow based on Richard's equation using experimentally determined material transport parameters. Although the interpretation of ECT images was mostly qualitative, they showed clear differences between specimens having different water transport properties and were in good agreement with the numerical moisture flow simulations at early stages of water ingress. Also at later stages, where the Richard's model fails due to the presence of gas phase, ECT shows a good correspondence with the absorbed water volumes monitored visually. The results support the ability of ECT for imaging 3D water transport in cement-based materials. This indicates that ECT holds potential for becoming an automated method for testing moisture transport properties of cement-based materials -a tool which would be useful in predicting deterioration in widely used cement-based materials, such as concrete. 
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